riety of techniques such as electrodeposition [28] , sol-gel synthesis [29] , freeze-drying [30] , chemical treatments of TiO 2 particles [31] , and electrophoretic deposition (EPD) [32] . Especially, the EPD method allows for a simple fabrication of large scale and complex shape thin film, with controllable coating thickness, simple equipment required and low cost. Kim et al. [32] adopted TiO 2 nanoparticles to fabricate TiO 2 nanotubes which were deposited on fluorine doped tin oxide (FTO) by EPD method. Chiu et al. [33] and Chou et al. [34] employed EPD method to prepare TiO 2 nanoparticle thin films and applied them in DSSCs. But there are only few reports on fabricating TiO 2 nanotube-films via EPD method by using individual TiO 2 nanotube-powders, and not to mention further application in photovoltaic devices.
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In this paper, TiO 2 nanotube-films were deposited on FTO glass by an EPD process, and DSSCs based on the TiO 2 nanotube-films were fabricated. Effects of the film thickness and electrophoretic voltage on performance of the DSSCs were investigated.
EXPERIMENTAL SECTION Materials
Individual TiO 2 nanotube-powders were firstly prepared by a two-step process as our earlier report [35] . The TiO 2 nanotube-powders were synthesized by a rapid anodization process and then they were disaggregated into individual TiO 2 nanotubes under assistance of ultrasonic oscillation. Subsequently, the as-obtained TiO 2 nanotubes were deposited on FTO (F-SnO 2 coated glass) substrates by using the EPD method. The electrolyte was prepared by adding disaggregated TiO 2 nanotubes (0.5 g) into 100 mL absolute anhydrous ethanol with a small addition of water (1 mL) and acetylacetone (1 mL). The electrophoretic
INTRODUCTION
Titanium dioxide (TiO 2 ) nanotubes have attracted considerable interests in scientific and technological communities, due to their unique functional properties such as good chemical stability and high photoconversion efficiency [1−4]. Therefore, TiO 2 nanotube-film electrodes have been widely utilized in various applications including lithium ion battery [5] , photocatalysts [6] , solar cells [7] , hydrogen sorption [8] and biomedical materials [9] . Recently, TiO 2 nanotubes have been widely applied in dye-sensitized solar cells (DSSCs) to overcome the drawback of carrier recombination by providing short and direct pathways for electron transport and collection [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . For instance, Varghese et al. [10] used long vertically aligned TiO 2 nanotube arrays to greatly improve the efficiency of DSSCs; Zhong et al. [11] observed TiO 2 nanotube photoanode owned a longer electron diffusion length and a larger electron lifetime than the nanoparticle one in DSSCs. In addition, the incorporated TiO 2 nanotubes could enhance light-harvesting efficiency due to their large specific surface areas as well as the light scattering effect [26, 27] .
Usually, TiO 2 nanotubes with different microstructures and geometrical shapes can be synthesized by a wide va-
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cell contained two electrodes of FTO glass; one electrode was a cathode substrate and the other electrode served as a counter-electrode. These two electrodes were kept at a distance of 20 mm. The EPD process was thus performed using an optimized constant voltage (20 to 100 V) under room temperature for 20 to 80 min. After the EPD process, the FTO substrate was oven dried at 100 o C for 30 min and annealed at 500 o C for 30 min.
Assembly of DSSCs
The TiO 2 nanotube-films deposited on FTO substrates were dyed by soaking for 24 h at room temperature in 0.5 mmol L −1 solutions in absolute ethanol of the ruthenium complex RuL2(NCS)2:2TBA (L=2,2ʹ-bipyridyl-4,4ʹ-dicarboxylic acid) (commercially known as N719 dye). The Pt counter electrodes were obtained by sputtering Pt onto the FTO substrates. The DSSCs package processes were similar to those as reported previously [36] . The electrolytes consisted of 0.5 mol L −1 LiI, 0.05 mol L −1 I 2 , and 0.5 mol L −1 tertbutylpyridine in acetonitrile. The active area of the resulting cell exposed in light was approximately 0.25 cm 2 (0.5 cm×0.5 cm) which was limited by a mask.
Characterization
Morphological and structural properties of the anodized TiO 2 nanotube-powders and the EPD films were characterized by a field emission scanning electron microscope (FESEM, JSM-7000F, JEOL Inc., Japan) and a transmission electron microscope (TEM, JEM2100, JEOL Inc., Japan). The transmittance spectrum of the as-prepared TiO 2 nanotube-film was measured by a JASCO V-570 UV/vis/NIR spectrometer. The current-voltage (J-V) curves of DSSCs were recorded by a Keithley SMU 2400 Source Measure unit under 100 mW cm −2 , AM 1.5 conditions (Newport Solar Simulator). Fig. 1a shows a TEM image of the as-prepared anodized TiO 2 nanotube-powders. It can be seen that hundreds of TiO 2 nanotubes are aggregated together, which means they are not appropriate for the EPD. After ultrasonic oscillation, the bundled TiO 2 nanotubes are well disaggregated into individual TiO 2 nanotubes, as shown in Fig. 1b . These nanotubes are about 20 nm in outer diameter, while their tube-lengths are of multi-distribution. The nanoparticles in Fig. 1b can be ascribed to the collapse of partial TiO 2 nanotubes. These results are good in line with our earlier study in Ref. [35] .
RESULTS AND DISCUSSION
The TiO 2 nanotube-films were fabricated with different voltages. According to the Hamaker equation [37, 38] , the relationship between the deposited weight (w) and the electric field intensity (E) is
where μ is the electrophoretic mobility, A is the surface area of the electrode, C is the concentration of the suspension, and t is the time. The thickness of the TiO 2 nanotube-films were tested by FESEM and the deposition rate were calculated as shown in Table 1 . Results show that the larger EPD voltage was applied, the faster deposition rate obtained. Increasing the EPD voltage could provide larger drag force, so the TiO 2 nanotubes could be deposited at a faster rate. Furthermore, DSSCs based on TiO 2 nanotube-films which were prepared with different EPD voltages were fabricated and investigated. According to the deposition rate, the thicknesses of these TiO 2 nanotube-films were specially deposited to about 4.5 μm. The performances of the DSSCs are showed in Fig. 2 , and their data are summarized in Table 1. It is interesting that the conversion efficiency (FF) of the DSSC increases from 2.02% to 4.31% when the EPD a b Figure 1 Morphological and structural properties of the anodized TiO 2 nanotube-powders, (a) before ultrasonic oscillation, (b) after ultrasonic oscillation.
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voltage decreases from 100 to 20 V. The main reason should be that the high EPD voltage leads to large drag force of the nanotubes during the EPD process, which means the film is more compact than that deposited by low voltage. That is to say, the nanotube-films deposited by high EPD voltage has less porous than that deposited by low EPD voltage, and the former one cannot adsorb enough dye to generate photocurrent. According to the results and considering the factor of deposition rate (deposition rate at 40 V is higher than that at 20 V), the EPD voltage of 40 V is fixed in the subsequent experiments. The thickness of TiO 2 nanotube-films is an important factor to influence the FF of DSSCs. In view of this, TiO 2 nanotube-films with different thickness were prepared by varying EPD time at 40 V. Fig. 3a . Figs 3b−f show that the thickness of the TiO 2 film increases from 5.34 to 21.53 μm with the EPD time increasing from 20 to 80 min. However, when the EPD time reaches up to 80 min, the TiO 2 film will crack or detach from the FTO substrate as shown in inset of Fig. 3f , which implies that the film cannot bear the stress caused by the increasing of the film thickness. Fig. 4 shows the transmittance spectrum of the EPD TiO 2 nanotube-films prepared with different EPD time. It can be seen that the TiO 2 nanotube-films are semitransparent and the value of transmittance is high up to 70% when the film thickness is about 5 μm, indicating that the TiO 2 nanotubes disperse uniformly in the film without agglomerate. Actually, such kind of semitransparent TiO 2 nanotube-films can be utilized in many potential applications such as photoelectronic devices.
Moreover, DSSCs based on the as-prepared TiO 2 nanotube-films with different EPD time were fabricated and investigated. The performances of the DSSCs are showed in Fig. 5 , and their data are summarized in Table 2 . It can be observed that a highest short circuit current density of 14.83 mA cm −2 and maximum energy conversion efficiency (η) of 7.1 % can be obtained when the TiO 2 nanotube-films deposited for 40 min. With further increasing the EPD time of TiO 2 nanotube-films, the conversion efficiency of the DSSC decreases. A reasonable explanation is that the TiO 2 nanotube-films with appropriate thickness can adsorb enough dye to generate photocurrent, but with over-increased film thickness, the carrier recombination rate and transport resistance are also getting serious, which deteriorate the conversion efficiency.
CONCLUSIONS
Semitransparent TiO 2 nanotube-films on FTO substrates were successfully fabricated by the EPD method. In addition, the DSSCs based on the as-prepared TiO 2 nanotube-films were fabricated and investigated. The precursor TiO 2 for EPD is individual TiO 2 nanotubes derived from rapid anodization process and subsequent ultrasonic disaggregation. Results indicate the individual TiO 2 nanotubes can be randomly deposited on the FTO glass surface, forming a TiO 2 nanotube-film. The TiO 2 nanotube-films are suitable to severe as the photoanodes of DSSCs, the best conversion efficiency of the DSSCs achieves 7.1% when the TiO 2 nanotube-film EPD at 40 V for 40 min. 
